Based on the complex variable method and perturbation technique, an analytical closed-form solution is derived for the interaction between a screw dislocation and collinear rigid lines along the interface of two dissimilar piezoelectric media under remote anti-plane mechanical and in-plane electrical loading. The rigid lines are either conducting or dielectric. The dislocation core is subjected to a line-force and a line-charge. A square-root singularity of field variables near the tip of an interfacial rigid line is observed. The rigid line extension force acting on the tip is obtained in terms of the strain and electric field intensity factor. The force on the dislocation due to the interfacial rigid line is calculated. The influence of the angular position of the dislocation, material properties and electromechanical coupling factor on the force is studied in detail.
Introduction
Piezoelectric materials are widely used as sensors and actuators in adaptive structures. However, the deformation and the electric fields produced by defects, such as dislocations, voids, cracks and inclusions, can adversely influence the performance of the devices. It is of great importance to investigate the behavior of various defects in electromechanical fields.
Interfacial crack problems in piezoelectric materials have been widely studied. Some common two-dimensional solutions were derived by Suo et al. (1992) , Zhong and Meguid (1997) and Herrmann et al. (2001) for impermeable cracks, Gao and Wang (2000) , Gao and Balke (2003) and Hausler et al. (2004) for permeable cracks, and Ru (2000) , Beom and Atluri (2002) and Wang and Zhong (2002) for conducting cracks. Soh et al. (2002) and Gao et al. (2005) analyzed the interactions of a screw dislocation and a dipole with an interfacial crack in piezoelectric solids, respectively. Wang and Shen (2002) interface defects at two piezoelectric media. Chen et al. (2004 Chen et al. ( , 2005 examined the electrically unified crack boundary conditions. Interface Zener-Stroh crack problems in piezoelectric media were investigated by Xiao and Zhao (2004) and Xiao et al. (2005) .
The problem of rigid lines has aroused much interest. Some important solutions have been obtained by Wang et al. (1986) and Li and Ting (1989) for a rigid line embedded in a homogeneous elastic solid, and Ballarini (1990) , Wu (1990) , Jiang (1991) , Asundi and Deng (1995) and Jiang and Cheung (1995) for interfacial rigid lines in purely elastic media. Shi (1997) examined collinear rigid lines in a homogeneous piezoelectric solid, and the rigid lines are considered either a conductor or dielectric. Deng and Meguid (1998) and Gao and Fan (2001) studied the electroelastic fields of a rigid conducting and dielectric line at the interface of two piezoelectric media subjected to remote loading, respectively. Recently, Liu and Fang (2003) and Fang et al. (2005) investigated the interaction between a screw dislocation and circular-arc interfacial rigid lines in piezoelectric and magnetoelectroelastic media, respectively. Chen et al. (in press ) studied a screw dislocation interacting with collinear rigid lines in a piezoelectric solid. However, to the authors' knowledge, no solution is found for the interaction of a screw dislocation with interfacial collinear rigid lines in piezoelectric bimaterials under remote loading. In fact, interfacial rigid lines are easily produced during electric packaging and manufacturing.
The objective of this work is hence to provide the general solutions for the interaction of a screw dislocation with interfacial collinear rigid lines and the basic characteristics of the field variables, extension force near the tip of a single interfacial rigid line and forces on the dislocation.
Basic equations
Consider a linear piezoelectric solid in a rectangular coordinate system (x, y, z). The anti-plane displacement w is coupled with the in-plane electric fields E x and E y , and these variables are independent of the longitudinal coordinate z, such that (Pak, 1990a) w ¼ wðx; yÞ; E x ¼ E x ðx; yÞ; E y ¼ E y ðx; yÞ: ð2:1Þ
In this case, the constitutive relations are reduced to
2aÞ c 44 , e 15 and e 11 are the elastic, piezoelectric and dielectric constants, respectively, r zk and D k (k = x, y) are the stresses and the electric displacements, respectively, u ¼ w u f g T , and u = u(x, y) is the electric potential which satisfies
The governing field equation is simplified to
Eq. (2.5) can be satisfied, if we let the harmonic function vector u be the imaginary part of some complex potential of the complex variable z = x + iy = re ih , i.e. In the above equations, the prime denotes the derivative with respect to the argument z.
Statement of the problem
Consider a piezoelectric screw dislocation located at a point z d (r d , h d ) in the upper half plane s 1 , as shown in Fig. 1 . The screw dislocation is assumed to be straight and infinitely long in the z direction, suffering a finite discontinuity in the displacement b z and the electric potential b u across the slip plane. The dislocation core is subjected to a line-force p in the z direction and a line-charge q. Along the interface between s 1 and s 2 there are finite collinear rigid lines L j (j = 1,2,. . . , n). Let L and L 0 be the union of finite interfacial rigid lines and the remaining bonded parts, respectively.
Assume that no external load is applied to the interfacial rigid lines. The mechanical boundary condition and the equilibrium condition of the interfacial rigid lines are 
Solution of the problem
The solution of the problem is to find the two complex vectors U i ¼ W i ðzÞ U i ðzÞ f g T ði ¼ 1; 2Þ, which should satisfy the boundary conditions (3.2), (3.3), (3.9), (3.10) with either (3.5) and (3.8) or (3.6) and (3.7) for the conducting and dielectric line cases, respectively.
Based on the superposition principle, the two complex vectors U i (z) (i = 1, 2) can be expressed as
where 
T interacting with a perfectly bonded interface, we obtain from (4.2) and (4.3) that
The analytical function vectors U ia (i = 1, 2) are obtained as (see Appendix A in detail) The following task is to find the perturbed analytical function vectors U ib (i = 1, 2). One has from (4.2) and (4.6) that Since Dt y (x) = 0 on the perfectly bonded part, (4.17) shows that J(z) is analytic in the entire plane except at the rigid lines. One has from (2.6), (2.8), (2.9) and (4.17) that
where
Rigid conducting lines
Considering (3.3) and (3.8), one obtains from (4.18) that
Based on the theory of Muskhelishivili (1977) , the solution of (4.20) can be obtained as
ð4:21Þ where
Taking the limit z ! 1 in (4.17) and using (4.21), (4.22) and (4.23) lead to 
Rigid dielectric lines
It follows from (3.3), (4.17), (4.18), (4.19) and (4.24) that Substituting (4.26) and (4.27) into (4.28) and (4.30) leads to the n constants c nÀ1 , c nÀ2 , . . ., c 0 . When J w (z) is solved, J u (z) can be obtained from (4.30). Once J(z) is obtained, the strain and electric field (SEF) and the stress and electric displacement (SED) intensity factors can be evaluated. Noting that the strain and electric field are continuous on the perfectly bonded parts, we can evaluate the SEF intensity factor at the right tip of the No. j rigid line as
Noting that the stress and electric displacement are continuous on the perfectly bonded parts, we can evaluate the SED intensity factor at the right tip of the No. j rigid line as
Re½JðxÞ: ð4:33Þ
It should be pointed out that the solutions can be reduced to those of Shi (1997) and Chen et al. (in press) corresponding to collinear rigid lines in a homogeneous piezoelectric solid.
Singularity of field variables
In this section, the singularity of the field variables at the tip of a single rigid line due to a piezoelectric screw dislocation and the uniform remote load is discussed. Assuming that a 1 = Àa, b 1 = a, we have 
for the rigid dielectric line case.
The rigid conducting line
Substituting (4.19), (5.1) and (5.2) into (4.21) and (4.25) and applying the residue theorem, one has
ð5:4Þ
With reference to (4.8), (4.9), (4.11) and (4.17), neglecting the constant terms, one can obtain the complex function vectors U i (z) (i = 1,2) as
ð5:6Þ Substituting (5.5) and (5.6) into (2.7), one obtains the generalized stress in the upper and lower piezoelectric media, respectively. By substituting (5.4) into (4.32) and (4.33), the SEF and SED intensity factor vectors ahead of the right tip of the rigid conducting line can be obtained as in which the subscript 1 outside the parentheses stands for the first element of the vector. With reference to (4.8), (4.9), (4.11) and (4.17), neglecting the constant terms, one can express the complex function vectors U i (z) (i = 1,2) as
Þ À1 fÞ þ hðzÞk; ð5:13Þ Substituting (5.13) and (5.14) into (2.7), one obtains the generalized stress in the upper and lower piezoelectric media, respectively. By using (5.9), (4.32) and (4.33), the SEF and SED intensity factor vectors at the right tip of the rigid dielectric line can be obtained as It is seen from (5.9) and (5.18) that the stress and electric displacement field t x(i) (x) shows square root singularity at the tips of both conducting and dielectric lines. It is also identified that the singularity of the electric displacement D x(i) (x) vanishes at the rigid dielectric line tip in a homogeneous solid, which is a special case of C (1) = C (2) . It is worth noting that the field singularity at the tips of both conducting and dielectric lines is independent of the loading t 1 y , which agrees with the result obtained by Shi (1997) . Hence, the loading t 1 y is not considered in the following analyses.
Rigid line extension force

The rigid conducting line
The stress and electric displacement field jump across the rigid conducting line can be obtained from (4.15) and (5.4) as From (4.18) and (5.4), the generalized displacement gradient ahead of the right tip of the rigid conducting line is obtained as Thus, by analogy with the calculation of the crack extension force for piezoelectric solids (Pak, 1990a) , the rigid line extension force can be evaluated by
where Dt y (r) stands for the generalized stress jump behind the tip and u(r) denotes the generalized displacement ahead of the tip. Substituting (6.2) and (6.3) into (6.5) leads to
The rigid dielectric line
Similarly, from (4.15) and (5.10), one can obtain 
With (5.16), at a distance r ahead of the rigid dielectric line tip along the interface, (6.9) yields
The substitution of (6.8) and (6.10) into (6.5) yields
Force on the dislocation
Force on the piezoelectric screw dislocation with a line-force and a line-charge is obtained from the generalized Peach-Koehler formula (Pak, 1990b) as,
where U L 1 can be obtained by subtracting the fields generated by the screw dislocation from (5.6) for the conducting line case or (5.15) for the dielectric line case with z ! z d .
The rigid conducting line
From (5.5), one obtains
where I is a 4 · 4 unit matrix, and the coefficients d i (i = 1,2,. . . , 7) are listed in Appendix B. Substituting (7.2) into (7.1), one has 
The rigid dielectric line
It is found from (5.15) that
Substituting (7.6) into (7.1), one obtains
Discussions
In this section, numerical examples are performed to show the effect of various parameters on the rigid line extension force and forces on the dislocation in the absence of remote loads. We assume r d = 1.2a, the dislocation Burgers vector and the line-loads along its core have the values (Lee et al., 2000) q of the piezoelectric medium s 1 .
Rigid line extension force
As an example, PZT-6B is considered for medium s 1 , whose material properties are listed in Table 1 ( Lee et al., 2000) . Here a = 1, b = 4 and c = 1 are assumed. Rigid line extension forces are normalized by the factors It is worth noting that the extension force value for a given h d in the dielectric line case is always less than that in the conducting line case due to b z , b u , and q, respectively, but the line-force p leads to the same extension force in the two cases. It is also noted that in both cases, no extension force is induced by the screw dislocation when h d = 0°, and by the line-loads when h d = 61.6°, which can be obtained by differentiating G * with respect to h d . Similarly, we can obtain the locations of the screw dislocation at which the magnitude of forces become maximum: h 
Force on the screw dislocation
Force F y on the screw dislocation is normalized by the parameter As an example, PZT-6B is considered for medium s 1 . Forces F y0 versus the angle h d for different a and b, c = 1 are plotted in Fig. 4 , where C and D denote the conducting and dielectric line cases, respectively. As can be found that for a given h d , the ''harder'' the medium s 2 relative to s 1 (higher modulus ratio a), the larger the value of F y0 . When a = 5, the value of F y0 becomes always positive, which indicates that the dislocation is always repelled by the interfacial rigid line in the y direction, and therefore the dislocation has no equilibrium position in the y direction. When solid s 2 is ''softer'' than s 1 , e.g., a = 0.5, two equilibrium positions for the dislocation can be observed in the y direction. Forces F y0 versus the angular position h d for different b and a, c = 1 are shown in Fig. 5 . At a given value of h d , it is observed that the value of F y0 becomes positive when b P 2 for the dielectric line case and when b = 6 for the conducting line case, respectively. Therefore the dislocation has no equilibrium position in the y direction. When b = 0.1, two equilibrium positions for the dislocation are found in the y direction. Forces F y0 versus the angular position h d for different c and a, b = 1 are plotted in Fig. 6 . It is observed that for a given h d , the smaller of c, the larger the value of F y0 . F y0 is always positive when c = 0.1. With the increasing c, the value of F y0 decreases and becomes always negative when c = 5. Therefore, the dislocation has no equilibrium position in the y direction when c = 0.1 and c = 5.
It is worth noting that the repulsive force for a given h d in the dielectric line case is stronger than that in the conducting line case with the same a, b and c; however, the opposite phenomenon can be observed for the attractive force. It is also seen that the absolute value of F y0 increases dramatically as the screw dislocation approaches the rigid line interface except the special case of C (1) = C
. In the following analysis, three kinds of piezoelectric ceramics, PZT-6B, PZT-5H and PZT-4 are taken as medium s 1 , respectively, and s 2 is assumed to be purely elastic. The above material properties and electromechanical coupling factor k e are listed in Table 1 (Soh et al., 2002) . As an example, here we consider only b z , 
Conclusion
A theoretical analysis was performed for the interaction between a screw dislocation with line-force and line-charge and collinear rigid lines at the interface of two dissimilar piezoelectric media, subjected to far-field anti-plane mechanical and in-plane electric loads. The interface rigid lines are either conducting or dielectric. The solution was obtained by using the complex potential method. The 1= ffiffi r p singularity of field variables near the tip of a single rigid line was identified. The rigid line extension force was presented in terms of the generalized strain intensity factors. The force acting on the dislocation was obtained. The influence of the angular position of the dislocation, material property and electromechanical coupling factor on the force in the y direction was discussed in detail.
Appendix A
The complex potentials in s 1 and s 2 due to a screw dislocation interacting with a perfectly bonded interface are expressed as where U 10 (z) and U 20 (z) are, respectively, the holomorphic functions in s 1 and s 2 , and U 1d (z) is the complex potential of an infinite half plane subjected to a screw dislocation and is given by (Pak, 1990b ) 
